The leaf index
Some species of plants can be distinguished from related species by reference to leaf shape. Differences in leaf shape can be described in terms of several key descriptors, for example, simple or compound, glabrous or pubescent, narrow or broad. Most of such features of leaves are results of adaptation to a particular environment for optimization of photosynthesis. For example, narrow, thick leaves are found in rheophytes, namely, plants that have adapted to habitats along rivers (van Steenis 1981) , as discussed below. The dense trichomes on bracts of inflorescences of downy plants appear to be a result of adaptation to low temperatures during gametogenesis (Tsukaya and Tsuge 2001) . Recently, these morphological features of leaves have been studied in terms of both developmental and molecular genetics in the model plant, Arabidopsis thaliana (L.) Heynh., and genes that control some aspects of leaf development have been characterized (for review, see Tsukaya 2002a) . Stimulated by the success of similar studies in Arabidopsis, studies of leaf development in other plant species have also revealed important aspects of leaf development (for review, see DeMason and Villani 2001 , Dengler and Tsukaya 2001 , Kessler et al. 2001 , Marcotrigiano 2001 .
The size of leaves exhibits considerable plasticity and is influenced by environmental and physiological conditions. By contrast, the leaf index, namely, the ratio of leaf length to leaf width, is rather stable for a given species and taxonomic descriptions of leaf shape, in particular, often depend on leaf index. Moreover, heterophylly, an aspect of morphological plasticity that is defined as heteromorphism of leaves on a single plant, can also be described in terms of changes in leaf index. Thus, the leaf index is a very important parameter, in particular, in studies of leaf shape that focus on natural variation, plasticity, and environmental adaptation. Recently, we identified genes that regulate the leaf index and we now have some clues to mechanisms responsible for the stability and plasticity of the leaf index from a genetic perspective. In the present review, we shall examine various aspects of the leaf index from such a perspective.
Variations in leaf index association with speciation of plants
Many taxa are characterized by differences in leaf index, at the level of form, variety or species. Diversity of leaf shape appears, in general, to represent adaptation to specific environments (e.g. Givnish 1979 , Givnish 1987 , Gurevitch 1988 . For example, the narrow, thick leaves of rheophytes ( Fig. 1) , which grow along river banks (van Steenis 1981) , are considered to represent two types of adaptation to two opposite types of environmental stress. Leaves of rheophytes should be able to resist the strong flow of water because of their narrow profile (large leaf index) when it rains heavily and water levels rise. Rheo-phytes also should be able to tolerate desiccation and highintensity light because of their thick leaves when the weather is fine. The large leaf indices that are characteristic of rheophytes have been attributed, from anatomical studies, to two types of developmental alterations. In the case of fern rheophytes, alterations in the cell-elongation process appear to be responsible for the narrow, thick leaves Imaichi 1991, Imaichi and Kato 1992) . By contrast, in the angiosperms examined to date, evolution of narrow leaf blades appears to be due to decreases in the numbers of leaf cells in the leaf-width direction (Usukura et al. 1994 , Nakaya 1997 . It is of particular interest moreover, that in pairs of closely related taxa of angiosperms with different leaf indices, it is exclusively the number of cells in the leaf lamina that differs between the two members of the pair (e.g. Usukura et al. 1994 , Nakaya 1997 , Tsukaya 2002b ). In angiosperms, not only variations in leaf index but also variations in leaf size can be attributed, for the most part, to variations in the number of cells in the leaf lamina (Körner et al. 1989 , Körner 1999 , Tsukaya 2002c . Mendelian analyses of genetic backgrounds responsible for natural variations in leaf index are limited, but it has been suggested that some rheophytes acquired narrow leaves as the result of a single dominant mutation while the expression of the narrowleaf phenotype in some rheophytes depends on several genes (Nakaya 1997) .
Plasticity of the leaf index induced in response to environmental factors
The leaf index of most plants exhibits plasticity in response to physiological or environmental conditions (e.g. the autonomous, physiological changes in leaf shape that can be observed in A. thaliana; Tsukaya et al. 2000) . Heterophylly is attributable to changes in leaf index in many cases and, in particular, when heterophylly is induced as an environmental adaptation. Acquisition of the capacity to vary the leaf index in response to environmental change has played an important role in the adaptive evolution of sessile plants. For example, semiaquatic plants, such as Rununculus flabellaris Raf., Hippuris vulgaris L. and Callitriche heterophylla Pursh, produce two types of leaf, namely, aerial leaves (terrestrial leaves, floating leaves) and submerged leaves, depending on whether plants are submerged or not. Mostly submerged leaves are narrower or longer and thinner than aerial leaves. The developmental change from submerged to aerial leaves can be induced not only by a reduction in the water level around the plant but also by exogenous abscisic acid (Deschamp and Cooke 1983 , Goliber 1989 , Goliber and Feldman 1989 , Kane and Albert 1987a , Kane and Albert 1987b , Liu 1984 , Mohan Ram and Rao 1982 , Young and Horton 1985 , Young et al. 1987 . Gibberellic acids can cancel out some of the effects of these inducers (Deschamp and Cooke 1984 , Kane and Albert 1987b , Liu 1984 , McComb 1965 , Wallenstein and Albert 1963 . Certain other environmental conditions, such as light intensity, the ratio of red to far red light, water temperature and humidity, can also affect the heterophyllic change (Bodkin et al. 1980 , Deschamp and Cooke 1984 , Goliber 1989 , Goliber and Feldman 1990 , Johnson 1967 , Jones 1955 , Kane and Albert 1982 , McComb 1965 , McCully and Dale 1961 , Wallenstein and Albert 1963 . By contrast, we found recently that treatment with 1-aminocyclopropane-1-carboxylic acid, a precursor of ethylene, of aerial shoots with aerial-type leaves of Ludwigia arcuata (Oenotheraceae) induced the development of submerged-type leaves, implying that ethylene might play a significant role in this process (Kuwabara et al. 2001) .
In a histologic analysis, Young et al. (1987) found that a major morphological feature of the water-dependent heterophylly of R. flabellaris is a change in lobe length that can be attributed to changes in cell size. Similarly, the submerged leaves of C. heterophylla and H. vulgaris have longer epidermal cells than those in aerial leaves (Deschamp and Cooke 1984 , Goliber and Feldman 1989 , Goliber and Feldman 1990 . By contrast, Kuwabara et al. (2001) reported that the narrower leaves of L. arcuata under submerged conditions could be attributed to the earlier cessation of the proliferation of leaf cells in the leaf-width direction during the development of leaf primordia than under aerial conditions (Fig. 2) . Thus, alterations in leaf index, induced by submergence or under terrestrial conditions, can also be divided to two types, namely, those due to changes in cell number and those due to changes in the shape of cells in leaf blades, as observed in the leaves of rheophytes.
Molecular genetic control of the leaf index: the polar elongation of cells As discussed above, variations in leaf index can be attributed to two different histologic phenomena, namely, changes in cell proliferation and changes in cell expansion in leaf blades. In addition to genes for the non-polar expansion of cells (e.g. Tsukaya et al. 1993 , Tsukaya et al. 1995 , we have identified genes that control the polar elongation of leaf cells in the genome of A. thaliana. The leaves of the angustifolia (an) mutant of A. thaliana are unusually narrow and thick (Fig. 3) ; they have a defect in cell elongation in the leaf-width direction but cells elongate further in the leaf-thickness direction than wild-type cells (Tsukaya et al. 1994 , Tsuge et al. 1996 ; Fig.  4B ). The total number of leaf cells resembles that in the wild type. This feature is very similar to that of leaves of fern rheophytes. The AN gene was identified by positional cloning (Kim et al. 2002) and was found to encode a member of the Cterminal binding protein (CtBP) family, whose members are known to act as transcriptional co-repressors in animals (Turner and Crossley 2001) . The AN gene is the first gene for a member of the CtBP family to be isolated from plants. Cytological analysis of the cortical microtubules (MTs), which are considered to be important in the regulation of the polar elongation of cells, in the an mutant revealed an altered pattern of cortical MTs (Fig. 4A ) that can fully explain the morphological phenotype of the leaf cells (Kim et al. 2002;  Fig. 4C ). Thus, AN might function in the regulation of the arrangement of cortical MTs in leaf cells (Fig. 4D) . It is noteworthy, moreover, that the AN protein can interact with the ZWICHEL protein, a kinesinlike protein that might interact with tubulin, in a yeast twohybrid system (Folkers et al. 2002) .
ACAULIS;
The an mutation affects the levels of expression of several genes, including the MERI5 gene for a cell-wall regulating enzyme that is a member of the xyloglucan endotransglucosylase/hydrolase (XTH) family (Kim et al. 2002) . Thus, it is also possible that AN, acting as a co-repressor as do animal CtBPs, might play a role in regulating the expression of specific genes that regulate the polar elongation of leaf cells. Using a yeast two-hybrid system, we showed that AN can associate with itself, as can animal CtBPs (Kim et al. 2002) . Further analysis of the role of AN should help us to understand the molecular mechanisms that control leaf width via the regulation of the polar elongation of leaf cells.
In our studies of the polarity-dependent expansion of leaf cells, we also identified the rotundifolia3 (rot3) mutant of A. thaliana, which has short leaf blades and leaf petioles but its leaf blades of normal width (Tsuge et al. 1996 ; Fig. 5 ). The rot3 mutant has a defect in the polar elongation of leaf cells in the leaf-length direction, but the proliferation of leaf cells is normal (Tsuge et al. 1996) . The ROT3 gene was cloned by T-DNA tagging (Kim et al. 1998a ) and sequencing revealed that it encodes a member of the cytochrome P450 family, which includes enzymes involved in the biosynthesis of brassinosteroids (BRs). It is possible, therefore, that ROT3 might be involved in the synthesis of some steroid(s). Brassinosteroids are the only steroids that are known, to date, to act as hormones in plants. Recent studies of mutants of A. thaliana with defects in the synthesis or perception of brassinolide (BL) suggest that BRs might regulate cell elongation in the direction of an organ's axis (e.g. Szekeres et al. 1996 . However, our anatomical analysis of two BL-deficient mutants, de-etiolated2 (det2) and dwarf1 (dwf1), suggested that BL might affect both the proliferation and the expansion of cell in leaf blades of A. thaliana (Nakaya et al. 2002) . All mutants with defects in the biosynthesis or perception of BL have leaf lamina that are very much reduced in area (e.g. Feldmann et al. 1989 , Chory et al. 1991 , Fujioka et al. 1997 , Azpiroz et al. 1998 , Choe et al. 2000 . The rot3 mutant is different from the BL-related mutants in the cited studies since it has no defects in the proliferation of cells in the leaf lamina, in elongation of stems or in skotomorphogenesis (Tsuge et al. 1996 , Kim et al. 1998a . The relationship between ROT3 and the biosynthesis of BL requires further analysis.
Transgenic Arabidopsis plants that overexpress the ROT3 gene have leaves with elongated petioles and leaf blades (Kim et al. 1999; Fig. 5) , demonstrating that ROT3 stimulates the elongation of leaves in the leaf-length direction exclusively without any effect on the expansion of leaf blades in the leafwidth direction. Such a gain-of-function type of mutation might plausibly have contributed to the evolution of narrow leaves with large leaf indices. This hypothesis is strengthened by the fact that morphological phenotypes of rheophytes are known to mostly be dominant or semi-dominant in terms of heredity. In our studies of ROT3, we identified one allele of the rot3 mutation, rot3-2, that encoded an amino-acid substitution in the gene product (rot3 G80E ). The rot3-2 plants had a slightly different phenotype from null-type mutants, having larger leaf blades and thicker stems (Kim et al. 1998a) . Although the leaf blades were larger in the rot3-2 mutant, the lengths of leaf blades were proportionally shorter than the widths of leaf blades, as is the case for leaves of plants with the other two rot3 alleles. Plants that overexpressed the rot3-2 mutant gene, on a background of the rot3-1 null mutation, had leaves that were very similar to those of the original rot3-2 mutant (Kim et al. 1999; Fig. 5 ). Diversity of leaf form, in terms of the relative sizes of petiole and leaf blade, might be due, in part, to such mutation. ). This effect is reversed by overexpression of the wild-type ROT3 gene (+ROT3, upper right; leaves of three independent transgenic lines are shown). A mutation causing an amino acid substitution in the product of the ROT3 gene (rot3
G80E
) results in short petioles and broad leaf blades (lower left), similar to those induced by expression of the mutated gene on a background of the null allele rot3-1 (+ rot3 G80E ; lower right). The fifth foliage leaves are shown.
Molecular genetic control of the leaf index: control of cell division Mechanisms of leaf histogenesis have proved difficult to analyze since leaf morphogenesis in dicots is a very complicated process that encompasses both the proliferation and enlargement of cells, which occur at different sites in leaf blades during the course of development (Avery 1933 , Tsukaya 1995a , Tsukaya 1998 , Tsukaya 2000 . Recently, patterns of cell division in leaf blades of A. thaliana were described in detail and analyzed by monitoring expression of a cell-cycle-specific marker gene (Donnelly et al. 1999) . Moreover, mutants with defects in the proliferation of leaf cells have also recently been analyzed in detail (e.g. Ito et al. 2000, Mizukami and Fischer 2000) . The reported data help us to understand the role of cell proliferation in the control of leaf shape (for review, see Tsukaya 2002c). For example, the present author postulated the presence of a compensatory system in leaf development whereby, for example, a decrease in the proliferation of cells in a leaf results in an increase in the volume of each cell (Tsukaya 2002c ). This hypothesis was based on anatomical analysis of leaves with decreased numbers of leaf cells. Further examination of this hypothetical compensatory system might help us to understand the regulatory mechanism(s) that control leaf shape.
With respect to regulation of the leaf index via control of cell proliferation, most mutants of A. thaliana not only have an altered leaf index but they also have leaves of reduced size. As mentioned above, the det2 and dwf1 mutants, which have defects in the biosynthesis of BRs, develop very small round leaves whose size and shape are attributable to decreases in the number and volume of cells (Nakaya et al. 2002) . Transgenic plants with a decreased ability to synthesize proline also develop small round leaves with fewer but larger leaf cells (Nanjo et al. 1999) . The curly leaf mutant has narrow, small, curled leaves that contain fewer cells of smaller volume than the wild type (Kim et al. 1998b) ; the pfl2 mutant has narrow leaves with fewer but larger cells (Ito et al. 2000) , and the phytochrome B mutant has narrow, thin leaves with fewer cells in the leaf-width direction and leaf cells with reduced volume (Tsukaya and Kim, unpublished data) . The an3 mutant has also narrow leaves, which are, according to our preliminary analysis, caused by a decrease in cell number without any change in cell size (Tsukaya H., unpublished data) . Thus, these leaves resemble those of angiosperm rheophytes in terms of phenotype. Cloning and characterization of the AN3 gene might help us to understand the genetic mechanisms of evolution of narrow-leaved angiosperm rheophytes.
Is Evo/devo analysis possible in plants?
Recently, the information accumulated from developmental genetic studies has led biologists to a new field of study, namely, Evo/devo or Evo-devo (evolutionary and developmental biology; Pennisi and Rouch 1997) . The goal of Evo/devo is to understand the genetic background that is responsible for developmental change during the course of evolution. Evo/ devo studies require information from studies of, for example, developmental genetics, molecular genetics and the comparative anatomy of developmental processes. In turn, information from Evo/devo studies is expected to make a positive contribution to studies of developmental biology of a particular organism (Dalton 2000) . Success in the application of Evo/devo studies can be seen in the progress in recent understanding of the evolution of a segmented body plan in animals and its relationship to the evolution of Hox genes in arthropods (e.g. Averof and Pate 1997; for review, Jockusch and Nagy 1997, Akam 1998 ).
In plants, there have been few Evo/devo studies of segmented body plans apart from studies of the evolution of reproductive organs in land plants and its relationship to the evolution of genes for MADS proteins (e.g. Hasebe 1999, Hasebe and Ito 1999) . Limited information is available, as yet, about genes that regulate the identity or development of plant organs, except in the case of organogenesis of floral organs. Prior to the acceptance of A. thaliana as the first model species of angiosperms or Magnoliophyta less than two decades ago (Meyerowitz and Pruitt 1985) , there was no consensus among plant scientists as to the choice of model species for studies of basic body plans in plants. Moreover, a wealth of information related to comparative morphology is embedded in the botanical literature of the past. These problems have lampered Evo/ devo studies of the macroevolution of body plans in the plant kingdom. However, if we shift our perspective from macroevolution to the microevolution of organ form in closely related taxa (at the genus or species level, for example), we find that we have already accumulated much information and many clues relevant to Evo/devo studies of microevolution through studies of A. thaliana (Tsukaya 1995b) . Moreover, a kind of Evo/devo study of plant form consisted of an analysis of intraspecies variation in the symmetry of flowers in Linaria vulgaris L. (Cubas et al. 1999) . Variations of flowering time have also been studied with respect to intraspecific and natural variations among ecotypes, which were analyzed by molecular and general genetics (e.g. Sanda et al. 1997 , Alonso-Blanco et al. 1998 ). Perhaps such Evo/devo studies should be described as 'microEvo/devo'. Speciation or microevolution does not play a direct role in the control of macroevolutionary traits but plays an essential role in macroevolution (Bock 1986) . Thus, studies of microEvo/devo should help studies of macroEvo/ devo. As summarized in the present review, some basic information about the genetic mechanisms that underlie the control of the two-dimensional, polarity-dependent growth of leaf blades has been obtained from studies of A. thaliana. Now we are in a position to understand evolution, biodiversity, adaptation, plasticity, and the development of leaf shape in terms of leaf index and relate leaf index to molecular biology.
